Glutamatergic synapses switch from nonspiny synapses to become dendritic spines during early neuronal development. Here, we report that the lack of sufficient Rac1, a small RhoGTPase, contributes to the absence of spinogenesis in immature neurons. The overexpression of green fluorescence protein-tagged wild-type Rac1 initiated the formation of dendritic spines in cultured dissociated hippocampal neurons younger than 11 d in vitro, indicating that Rac1 is likely one of the missing pieces responsible for the lack of spines in immature neurons. The overexpression of wild-type Rac1 also induced the clustering of AMPA receptors (AMPARs) and increased the amplitude of miniature EPSCs (mEPSCs). The expression of constitutively active Rac1 induced the formation of unusually large synapses with large amounts of AMPAR clusters. Also, our live imaging experiments revealed that the contact of an axon induced the clustering of Rac1, and subsequent morphological changes led to spinogenesis. Additionally, the overexpression of wild-type Rac1 and constitutively active Rac1 increased the size of preexisting spines and the amplitude of mEPSCs in mature neurons (Ͼ21 d in vitro) within 24 h after transfection. Together, these results indicate that activation of Rac1 enhances excitatory synaptic transmission by recruiting AMPARs to synapses during spinogenesis, thus providing a mechanistic link between presynaptic and postsynaptic developmental changes. Furthermore, we show that Rac1 has two distinct roles at different stages of neuronal development. The activation of Rac1 initiates spinogenesis at an early stage and regulates the function and morphology of preexisting spines at a later stage.
Introduction
More than 90% of excitatory synaptic transmission in the brain occurs at dendritic spines (Harris and Kater, 1994; Nimchinsky et al., 2002) . Dendritic spines are mushroom-like, membranous protrusions from dendrites and are important in normal cognitive function and neuronal development (Kennedy, 2000; Nimchinsky et al., 2002) . The morphology of these spines is a strong determinant of their function, and the actin cytoskeleton is believed to be the basic structural foundation that is responsible for their shape (Shirao and Sekino, 2001; Nimchinsky et al., 2002) . Three Rho GTPases [RhoA, Cdc42 (cell division cycle 42), and Rac1] modulate the actin cytoskeleton in fibroblasts, budding yeast, and neurons and are believed to be the major regulators of spine morphogenesis (Adams et al., 1990; Ridley et al., 1992; Nakayama et al., 2000; Carlisle and Kennedy, 2005) . Guanine nucleotide exchange factors (GEFs), which activate these three Rho GTPases, are also known to affect the morphology of spines. For example, Kalirin-7, a GEF for Rac1, interacts with PDZ (postsynaptic density-95/Discs large/zona occludens-1) domain proteins and regulates the density and morphology of dendritic spines (Penzes et al., 2001) . GEFT, a Rho family GEF, can also regulate the formation of dendritic spines (Bryan et al., 2004) .
Furthermore, the Rac/p21-activated kinase (PAK) signaling pathway regulates spine morphogenesis in both intact animals and cultured neurons (Hayashi et al., 2004; Zhang et al., 2005) . All of these previous studies overwhelmingly show that Rac1 is a significant modulator of spine morphology. However, a detailed analysis of how Rac1 affects the function of dendritic spines has not yet been reported. In this study, we found that the overexpression of wild-type and constitutively active Rac1 enhanced excitatory synaptic transmission and induced the clustering of AMPA receptors (AMPARs) in both preexisting and newly formed dendritic spines, indicating that Rac1 can regulate the function of excitatory synapses.
Previous studies showed that neurons start to possess dendritic spines after postnatal day 7 (P7) in intact animals and after 14 d in vitro (DIV) in cultured dissociated neurons (Harris and Kater, 1994; Rao and Craig, 1997; Nimchinsky et al., 2002) . Many molecules are reported to modulate the density and morphology of spines, but the molecular mechanism underlying this delayed onset of spinogenesis is yet unknown (Luo, 2000; Shirao and Sekino, 2001; Nimchinsky et al., 2002) . Surprisingly, we found that the overexpression of wild-type Rac1 (Racw) induced the formation of spines in immature neurons as early as 7 DIV. This unexpected result led us to test the hypothesis that Rac1 initiates the formation of dendritic spines. Additional research in this study provides direct evidence that Rac1 participates in spinogenesis and recruits AMPARs to newly formed spines via activation of Cdc42 or Rac interactive binding (CRIB) motifcontaining proteins such as PAK. In our live imaging experiments, the contact of axons induced the clustering of green fluorescence protein (GFP)-tagged wild-type Rac1 molecules, and subsequent morphological changes led to the formation of dendritic spines. These results effectively provide a mechanistic link between presynaptic and postsynaptic changes during the creation of new spines and produce a valuable molecular model for this spinogenesis.
Materials and Methods
Neuronal cultures and transfection. A 25 mm glass coverslip (thickness, 0.08 mm) was glued over a 22 mm hole in the bottom of a 35 mm tissue-culture dish using silicone sealant as described previously (Lin et al., 2004) . Dissociated neuronal cultures from rat hippocampi at P1-P2 were prepared as described previously (Liao et al., 2001) . Neurons were plated onto prepared 35 mm tissue culture dishes at a density of 1 ϫ 10 6 cells per dish. The age of cultured neurons was counted from the day of plating (day 1 in vitro). To label dendrites, neurons at 5-7 DIV were transfected with plasmids encoding enhanced GFP (EGFP) (driven by a cytomegalovirus promoter; referred to as GFP; Clontech, Cambridge, UK), Racw, Rac1N17 (dominant negative; referred to as RacϪ), or Rac1V12 (constitutively active; referred to as Racϩ). All of the above Rac1 constructs were tagged to enhanced GFP and have been used and characterized previously (Li et al., 2002) . To test whether the interaction between Rac1 and CRIB motif-containing proteins is important during spinogenesis, we used a mutant of Rac1, Rac1Y40K (referred to as Rac40), that was tagged with EGFP. Rac40 was made with PCR sitedirected mutagenesis. The standard calcium phosphate precipitation method was used to transfect neurons at 5-7 DIV (Liao et al., 2005) , whereas the gene gun technique was used to transfect neurons at 21 DIV (Wellmann et al., 1999) . The culture dishes fit tightly in a homemade holding chamber on a fixed platform above an inverted microscope sitting on an X-Y translation stage (Burleigh Instruments, Fishers, NY). The location of any neuron of interest was determined by the reading of the X-Y translation stage, and neurons could be found again in the next observation using the X--Y coordinates (accuracy, 4 m). In live imaging experiments that lasted several hours, the holding chamber was heated to 37°C and was gassed with 5% CO 2 and 95% air. Time-lapse images of the same neurons were taken every 15 min.
Immunocytochemistry and Western blots. As described previously (Liao et al., 1999) , cultured neurons were fixed and permeabilized successively with 4% paraformaldehyde, 100% methanol, and 0.2% Triton X-100. Antibodies against the C termini of glutamate receptor 1 (GluR1) and GluR2/3 subunits were added together to detect AMPARs (fluorescent dye-conjugated rabbit antibodies), and a mouse anti-synaptophysin antibody was used to label presynaptic termini. To label surface AMPARs, live neurons were incubated in media containing a polyclonal rabbit antibody against the extracellular N terminus of the GluR1 subunit at 37°C for 1-2 h and were subsequently fixed and incubated with a rhodamine-conjugated secondary anti-rabbit antibody (O'Brien et al., 1997) . A commercially available mouse anti-Rac1 antibody (Chemicon, Temecula, CA) was used to detect endogenous Rac1 in Western blots and in immunocytochemistry. Western blot experiments were performed as described previously (Liao et al., 2001) . Briefly, cultured neurons were lysed in modified radioimmunoprecipitation assay buffer (1% Triton X-100, 0.1% SDS, 0.5% deoxycholic acid, 10 mM NaPO 4 , 150 mM NaCl, 2 mM EDTA, 50 mM NaF, 10 mM sodium pyrophosphate, 10 mM iodoacetamide, 1 mM sodium orthovanadate, and 1 mM phenylmethylsulfonyl fluoride plus 2 g/ml aprotinin, 1 g/ml leupeptin, 2 g/ml antipain, and 10 g/ml benzamide) on ice and then harvested with a cell scraper. The same amount of protein was loaded in each lane, and a mouse anti-actin monoclonal antibody (Chemicon) was used as a control.
Electrophysiology. Miniature EPSCs (mEPSCs) were recorded from cultured hippocampal neurons that had been transfected with plasmids encoding GFP-tagged molecules (Liao et al., 2005) . Visual fields were moved randomly to approximate the center of the culture dish. Attempts were made to patch the first transfected neuron that was found. If the establishment of whole-cell configuration was not successful, a second transfected neuron was attempted. No more than two neurons were recorded from the same culture dish. Miniature EPSCs were recorded at holding potentials of Ϫ55 to Ϫ60 mV and filtered at 1 kHz. Input and series resistances were checked before and after the recording of mEPSCs, which lasted ϳ10 -30 min. There was no significant difference in the series or input resistances among various groups of experiments. One recording sweep lasting 200 ms was sampled for every 1 s. Miniature EPSCs were recorded in cultured dissociated neurons in standard Earle's balanced salts solution at room temperature with 200 M 2-amino-5-phosphonopentanoic acid (NMDA receptor blocker; D,L-form; active form would be 100 M), 1 M tetrodotoxin (TTX; sodium channel blocker), and 100 M picrotoxin (GABA receptor blocker), gassed with 95% air and 5% CO 2 . To increase the number of mEPSCs, an extra 2 mM Ca 2ϩ and 1 mM Mg 2ϩ were added to the bath solution. The internal solution in the patch pipette contained the following (in mM): 100 cesium gluconate, 0.2 EGTA, 0.5 MgCl 2 , 2 ATP, 0.3 GTP, and 40 HEPES, pH 7.2 with CsOH. All mEPSCs were analyzed with a program designed by Synaptosoft (Decatur, GA). Detection criteria for mEPSCs included peak amplitudes Ͼ3 pA, a fast rise time, and a slow decay time. The time course and amplitude of every detected mEPSC were calculated, and parameters of all mEPSCs in each neuron were further averaged and treated as single samples.
Image analysis. Neurons transfected with various GFP-tagged constructs were photographed immediately after the electrophysiological recording (see above, Electrophysiology, for the selection of neurons). All digital images were analyzed with MetaMorph Imaging System (Universal Imaging Corporation, West Chester, PA), as described previously (Liao et al., 2005) . Unless stated otherwise, all images of live neurons were taken as stacks and were averaged into one image before further analysis. In addition to simple averaging, stacks of images were also processed by deconvolution analyses using the MetaMorph software with the nearest planes. A stack of deconvoluted images was further averaged into one single image. A dendritic protrusion with an expanded head that was 50% wider than its neck was defined as a spine. The number of spines or nonspine protrusions from one neuron was counted manually and normalized per 100 m dendritic length. One-way ANOVA was used for comparison between multiple groups of data (n, sample size, the number of neurons; p Ͻ 0.05, significant). If the ANOVA test indicated that there were significant differences between parameters, group t tests were used to further test the significance of the changes. If a difference passed the ANOVA test and the t test ( p Ͻ 0.05), we considered this change to be statistically significant. To highlight dendritic protrusions and spines in the measurement of protrusion size (see Fig. 6C ), detection threshold was set at 75% of the fluorescent intensity in the center of the dendritic spine to be measured. The spine was separated manually from the dendrite using the line tool, and the area of highlighted dendritic spines was measured by the MetaMorph program. All data are reported as mean Ϯ SE. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001.
Results

Rac1 induces spinogenesis in immature neurons
Cultured dissociated hippocampal neurons rarely have dendritic spines until 14 DIV (Rao and Craig, 1997) . To determine which molecule might contribute to the delayed onset of spinogenesis, we screened several molecules including CaM kinase II, GluR1, GluR2, NMDA receptor subunit NR1, NR2A, Rac1, Cdc42, and RhoA. We tested whether the overexpression of these wild-type molecules could compensate for their deficiency early in development and thus initiate spinogenesis. Surprisingly, only wildtype Rac1 can initiate spinogenesis by overexpression alone. To test whether Rac1 can initiate the formation of dendritic spines, neurons at 6 DIV were transfected with plasmids encoding enhanced GFP (GFP), wild-type Rac1 (Racw), Rac1N17 (RacϪ), and Rac1V12 (Racϩ) (nine neurons in each group). All of the Rac1 constructs were tagged with GFP and have been characterized previously (Li et al., 2002) . To examine both the morphology and function of excitatory synapses, miniature EPSCs were recorded in cultured dissociated hippocampal neurons at 7-11 DIV, and live images of the neurons were taken after the recording (Fig. 1 A) . Neurons were then fixed immediately and perme-abilized for immunocytochemistry and relocated for later morphological studies using an X-Y translation stage, as described previously (Lin et al., 2004; Liao et al., 2005) . Postsynaptic AMPARs were detected using antibodies against GluR1 and GluR2/3 subunits ( Fig. 1 B) , whereas presynaptic termini were labeled using an antibody against synaptophysin (see Materials and Methods) (Fig. 1C) . Racw induced the formation of dendritic spines in neurons as young as 7 DIV (Fig. 1C) and clustered in the heads of dendritic spines ( Fig. 1 A, C,F ). The expression of Racw significantly increased the density of dendritic protrusions threefold and the density of spines 200-fold (number per 100 m length of dendrites; p Ͻ 0.001; n ϭ 9 in each group; compared with control GFP) (Fig. 1G ). The Racw clusters colocalized with synaptophysin proteins (Fig. 1C) and AMPARs ( Fig. 1 B) , indicating that Rac1-induced dendritic spines were part of glutamatergic synapses. In contrast, dendritic spines rarely formed in GFP-labeled neurons that were younger than 11 DIV (Fig. 1 D, G) . The expression of RacϪ had no significant effect on the density of dendritic protrusions and spines in comparison with control GFP neurons (Fig. 1 E, G) , suggesting that the activity of Rac1 is low under normal conditions in young neurons.
Rac1 regulates the function of excitatory synapses in immature neurons
As seen in Figure 1 , Racw was able to cluster AMPARs at glutamatergic synapses. To determine whether the AMPARs at these synapses are functional, we recorded AMPAR-mediated mEPSCs from neurons 7-11 DIV expressing Racw, Racϩ, RacϪ, or GFP. The expression of Racw and Racϩ significantly increased the amplitude of mEPSCs by 96 and 149%, respectively (n ϭ 9 in each group; p Ͻ 0.001) ( Fig. 2 A, C) . However, only Racϩ significantly increased the rise time (by 45%; p Ͻ 0.05) (Fig. 2 E) and decay time (by 85%; p Ͻ 0.01) (Fig. 2 F) , which is mainly attributable to the regular appearance of unusually large and wide mEPSCs in neurons expressing this construct (Fig. 2 B) . These unusually large mEPSCs often had amplitudes Ͼ50 pA and time courses Ͼ80 ms. The appearance of these unusually large mEPSCs is puzzling, because most dendrites of neurons expressing Racϩ rarely had mushroom-like spines (Fig. 2G) . Instead, consistent with previous studies, numerous lamellipodia lacking presynaptic termini extended from the dendrites of Racϩ neurons ( Fig. 2G , arrowhead) (Pilpel and Segal, 2004) . Interestingly, Racϩ molecules were intensely clustered in proximal dendrites and the soma, which were innervated by many presynaptic termini ( Fig. 2G, arrow) . The clustering of Racϩ molecules in proximal dendrites and the soma induced the formation of unusually large clusters of AMPARs ( Fig. 2 H, arrowheads) . Furthermore, large clusters of Racϩ often contacted several synaptophysin clusters ( Fig. 2 I, arrows), indicating that continuous activation of Rac1 can induce the formation of "giant" synapses containing large amounts of clustered AMPARs and innervated by several presynaptic termini. These giant synapses might be the structural basis for the unusually large mEPSCs encountered in neurons expressing Racϩ. These results also indicate that constitutive activation of Rac1 can increase the amount of AMPARs per synapse, possibly by increasing the anchoring sites for AMPARs through remodeling of the actin cytoskeleton. Consistent with the increase in spine density as shown in Figure 1 , the expression of Racw significantly increased both the frequency (by 81%) and amplitude (by 96%) of mEPSCs ( Fig. 2 A, C,D) without affecting their time courses (Fig. 2 E, F ) . In contrast to Racϩ, expression of Racw increased the frequency of mEPSCs, indicating the necessity for Rac1 to switch between an active and an inactive state to induce the proper formation of dendritic spines and subsequent AMPAR trafficking. Unexpectedly, RacϪ did not significantly reduce the amplitude or frequency of mEPSCs in these immature neurons ( Fig. 2 A, C-F ). This result is potentially caused by the low expression level of endogenous Rac1 early in development (see Fig. 5 ). In order for RacϪ to have an effect, there has to be a relatively high level of normal activity. As shown in Figure 6 I-M, B-E, Neurons expressing Racw (B, C; B is the fixed neuron from A), GFP (D), and RacϪ (E) were stained with antibodies against AMPARs (anti-GluR1 and anti-GluR2/3 were added together; B) or synaptophysin (C-E). The arrows indicate AMPAR (B) or synaptophysin (C-E) clusters. F, Ratio of the fluorescence (Flu) intensity in the center of a spine versus the center of the dendrite from which the spine grew (Sp/D). A value Ͼ100% means that the spine is brighter than the dendrite. Inset, The middle of the dendrite is brighter than spines in a 3-week-old GFP-labeled neuron. G, The density of dendritic protrusions and spines per 100 m dendrite (Drt) was measured in neurons expressing GFP, Racw, and RacϪ. Error bars represent SE. ***p Ͻ 0.001.
RacϪ does in fact reduce the amplitude of mEPSCs at 17-21 DIV, when the normal expression of Rac1 is high.
Rac1 induces the clustering of surface AMPARs
As shown in Figures 1 and 2 , the expression of Racw and Racϩ increased the amplitude of mEPSCs and induced the clustering of AMPARs, indicating that the activation of Rac1 enhances excitatory synaptic transmission by recruiting functional AMPARs to synapses. To test whether Rac1 can induce the clustering of surface AMPARs, neurons expressing GFP, Racw, RacϪ, or Racϩ were immunostained with an affinity-purified rabbit polyclonal antibody against the extracellular N terminus of the GluR1 subunit, as described previously (O'Brien et al., 1997; Liao et al., 1999) . The antibody was applied to live, unpermeabilized neurons to detect the presence of surface AMPARs. The clusters of Racw (Fig. 3 A, B) and Racϩ (Fig. 3E ) colocalized with clusters of surface AMPARs. Racw and Racϩ significantly increased the number of surface AMPARs per 100 m dendrite and also increased the percentage of protrusions containing surface AMPARs (Fig. 3 F, G) . Surface AMPARs per 100 m dendrite of Racϩ were counted at the proximal dendrites (Fig. 3 E, F ) because of the large lamellipodial formations at the distal portions (Fig. 2) . These results further support that the activation of Rac1 can induce the clustering of AMPARs. Consistent with the results in Figure 2 , RacϪ was not able to decrease the number of surface AMPARs in neurons at 10 DIV, again indicating that normal expression of Rac1 at this stage in development is too low for changes to be evident when Rac1 activity is disrupted.
Temporal steps in Rac1-dependent spinogenesis
To understand how Rac1 initiates the formation of dendritic spines at such a young age, neurons at 6 DIV were transfected with GFP, Racw, RacϪ, and Racϩ and were examined 8 h after transfection. Racw and Racϩ were concentrated in the periphery of dendritic spines (Fig. 4 A, arrowheads) , as seen by a significant increase in the ratio of the fluorescence intensity in the periphery versus the center of dendrites ( p Ͻ 0.001; n ϭ 7 in each group; compared with control GFP neurons) (Fig. 4C) . The expression of RacϪ blocked the mobilization of Rac1 to the periphery (Fig.  4 A, C) , and neurons expressing RacϪ started to have granules in the soma and proximal dendrites 3 d after transfection (Fig. 4 B) . The proportion of neurons containing granules progressively increased over time (days after transfection; n ϭ 7 dishes) (Fig.  4 D) . It has been reported previously that Rac1 and other GTPases possess a CAAX sequence at their C terminus. After geranylgeranylation of this region, activated Rac1 is able to associate with the cell membrane (Hori et al., 1991; Hoffman et al., 2000) . However, guanine nucleotide dissociation inhibitors (GDIs) are able to bind to inactive Rac1 and prevent the insertion of Rac1 into the plasma membrane and are also able to remove and inactivate Rac1 that is already at the membrane (Hori et al., 1991; Hoffman et al., 2000; Symons and Settleman, 2000; Robbe et al., 2003) . Thus, our results suggest that RacϪ is sequestered in the cytoplasm by GDIs and is not able to localize to the membrane.
The efficiency of Racw in inducing the formation of spines is striking. It took only 24 h for Racw to increase the density of spines by 92% (n ϭ 7; p Ͻ 0.001; from 8 to 32 h after transfection) (Fig. 4 E, black bars) . The density of dendritic spines 32 h after the transfection of Racw reached the same level as in control GFP neurons at 21 DIV (Fig. 4 E, open bars) . The expression of RacϪ suppressed and delayed the formation of dendritic spines (Fig.  4 E, hatched bars) , indicating that the initiation of spinogenesis requires the activation of Rac1 during the early stage of neuronal development. However, dendritic spines can still be formed at a much lower density at 21 DIV, suggesting that other Rac1-independent mechanisms might also participate in spinogenesis in the late stage of neuronal development.
The high efficiency of Racw in spinogenesis has enabled us to observe how the contact of an axon initiates the formation of dendritic spines. Neurons were transfected with Racw for 8 h and were then put into a holding chamber at 37°C and imaged every 15 min (Fig. 4 F) . The contact of an axon (Fig. 4 F, first and second panels, bottom arrow, 0 min) induced the clustering of Rac1 in the periphery of dendrites (Fig. 4 F, top arrow, 0 min) . The fluorescence of the Rac1 cluster progressively increased within 30 min, and subsequent morphological changes pushed both the Rac1 cluster and the axon away from the dendrite (Fig. 4 F, bottom arrows, 15-30 min). The diameter of the spine neck also increased over time (Fig. 4 F, top arrows, 15 min to 1.5 h), leading to the eventual formation of a mushroom-like spine with intensely clustered Rac1 in the spine head (1.5 h).
It has been reported widely that synaptic activity can modulate the function and morphology of dendritic spines by activitydependent synaptic plasticity (Maletic-Savatic et al., 1999; Matsuzaki et al., 2004) or by homeostatic regulation (Turrigiano et al., 1998; Turrigiano and Nelson, 2004) . To test whether synaptic activity is required for the Rac1-initiated formation of dendritic spines, TTX was added to cultured media to block sodium channels in neurons expressing Racw. Images of neurons at 7 DIV were taken 32 h after transfection in the continuous presence of TTX. Neurons expressing Racw with no TTX treatment were used as a control. As shown in Figure 4G , the expression of Racw could still induce spinogenesis in the presence of TTX, and there was no significant difference in spine density between neurons with or without TTX treatment, indicating that the formation of spines in neurons expressing Racw does not require synaptic activity.
The clustering of active Rac1 is known to promote the growth of lamellipodia in fibroblasts (Ridley et al., 1992) . In our study, Racϩ randomly induced lamellipodia in neurons and clustered at the edge of these formations (Fig. 2G) . Therefore, the axon-induced clustering of Racw (Fig. 4 F) is also likely to induce the extension of the dendritic membrane, because Rac1 might be activated by Ephrin B from the contacting axon (Penzes et al., 2003) . Based on the above data, we propose the following molecular model (Fig. 4 H) : in step 1, activated Rac1 mobilizes to the dendritic membrane. In step 2, the contact of an axon induces the clustering of Rac1, causing changes in the actin cytoskeleton and pushing the cluster away from the dendrite to form a spine.
Developmental changes in the expression level of endogenous Rac1
If Rac1 is in fact responsible for initiating spinogenesis, we would expect to see a developmental change in the amount of endogenous Rac1 present in neuronal cultures. To test this possibility, we ran Western blots using a mouse anti-Rac1 antibody to detect endogenous Rac1 in homogenized tissue from dissociated hippocampal cultures at 4 -21 DIV (Fig. 5A , left panel, bottom bands). As shown in Figure 5A , cultures at 21 DIV had a higher expression level of endogenous Rac1 (38%) than cultures at 4 DIV (15%), 7 DIV (23%), and 14 DIV (30%). In addition, neurons at 7 DIV were faintly and diffusely stained by the anti-Rac1 antibody in immunocytochemistry (Fig. 5B) . In contrast, endogenous Rac1 clustered in dendritic spines in neurons at 21 DIV, and these spines colocalized with synaptophysin and AMPARs (Fig. 5C ). All of these results support the idea that the absence of dendritic spines during early neuronal development is attributable at least in part to an insufficient amount of Rac1.
Rac1 modulates the morphology and function of preexisting spines
Small Rho GTPases, including Rac1, are proposed to play important roles in the maintenance and stability of preexisting dendritic spines (Nakayama et al., 2000; Tashiro and Yuste, 2004) . One distinct feature of molecules that can modulate preexisting glutamatergic synapses is that these molecules are often clustered in dendritic spines (Malinow et al., 2000; Sheng, 2001) . To test whether Rac1 does cluster in preexisting spines, neurons at 21 DIV were transfected with GFP, Racw, RacϪ, and Racϩ using the standard gene gun technique (Wellmann et al., 1999) . Racw and Racϩ clustered in dendritic spines, whereas GFP and RacϪ did not (Fig. 6 A, B) , suggesting that the clustering of Rac1 in spines requires the activation of Rac1. Racϩ significantly increased the size of dendritic spines by 163%, and Racw increased it by 109% (n ϭ 8; p Ͻ 0.001) (Fig. 6C) , suggesting a regulatory role of Rac1 in preexisting spines. Miniature EPSCs were recorded in neurons transfected with the gene gun to test how the activity of Rac1 affects the function of preexisting spines, and neurons transfected with GFP were used as a control (Fig. 6 D-H ) . Consistent with the morphological changes, Racϩ and Racw significantly increased the amplitude of mEPSCs (n ϭ 8; p Ͻ 0.05) (Fig. 6 E) , indicating that the activation of Rac1 can drive functional AMPARs to preexisting synapses, possibly by increasing anchoring sites. Surprisingly, RacϪ failed to cause any significant changes in spine size or mEPSC amplitude compared with control GFP. It has been shown previously that the expression of RacϪ decreases the size and density of dendritic spines (Nakayama et al., 2000) . This discrepancy is probably attributable to the difference in the expression time of RacϪ and the age of neurons in our studies. Our recordings were taken within 24 h of transfection. RacϪ can only block further activation of endogenous Rac1, and it is possible that previously activated endogenous Rac1 was not deactivated within this time period. Our neurons (21 DIV) were more mature than neurons in previous studies [P8 in brain slices (Nakayama et al., 2000) ]. According to Grutzendler et al. (2002) , the structure of dendritic spines in neurons that are older than 3 weeks is very stable. Breaking down the structure of preestablished dendritic spines may take longer than 24 h, and we are therefore unable to detect any differences in our experimental model. The high variation in the frequency of mEPSCs is potentially caused by various degrees of cell death after gene gun transfection and might mask the difference among experimental groups (Fig. 6 F) . These discrepancies should not affect our conclusions on the role of Rac1 in AMPAR trafficking, because the amount of AMPARs per synapse should be determined mainly by the amplitude of mEPSCs. Overall, these results indicate that the activation of Rac1 can modulate both the morphology and function of preexisting spines. To further test how Rac1 affects the function of spines in mature neurons, we transfected neurons at 5-7 DIV with RacϪ using calcium phosphate precipitation and examined the necessity of Rac1 in the mediation of AMPARs during development. To test whether RacϪ had the ability to reduce the AMPAR response in the few spines that were present at 21 DIV (Fig. 4 E) , we recorded mEPSCs at 17-21 DIV from neurons expressing RacϪ. There was a significant decrease in the amplitude of AMPARmediated mEPSCs in neurons expressing RacϪ compared with control neurons expressing GFP and no significant changes in frequency, rise time, or decay time (Fig. 6 I-M ) . This result indicates that the few spines present at 21-28 DIV in neurons expressing RacϪ (Fig. 4 A, B,E) have fewer AMPARs at the postsynaptic membrane. To determine whether the effect of the dominantnegative mutant was specific to Rac1, we transfected neurons at 5-7 DIV with a dominant-negative form of RhoA (RhoAN19; referred to as RhoϪ). RhoϪ was not able to decrease the amplitude of the AMPAR-mediated mEPSCs (Fig. 6 I-M ) . This result suggests that the decrease in AMPARs at the postsynaptic membrane of mature neurons expressing RacϪ is specific to the dominant-negative form of Rac1.
Rac1 acts via CRIB motif-containing proteins to induce the formation of dendritic spines and the clustering of AMPARs
To further elucidate the downstream mechanism by which Rac1 induces the formation of dendritic spines and the clustering of AMPARs, we used EGFP-tagged Rac40, a mutant of Rac1 that disrupts its activation of CRIB motif-containing proteins such as PAK (Lamarche et al., 1996; Li et al., 1999) . In neurons at 8 DIV, Rac40 was able to localize to the periphery of dendrites but was not able to induce the formation of dendritic spines (Fig. 7 A, D) , as seen with Racw (Figs. 1, 7D ). Neurons transfected with Rac40 also had abnormally long filopodial protrusions compared with GFP and Racw (Fig. 7 A, B) . These long protrusions could be caused by two possible mechanisms. The first possibility is that inhibition of the interaction between Rac1 and CRIB motifcontaining proteins promotes the extension of filopodia. The second possibility is that Rac1 activates another signaling pathway that is independent of CRIB motif-containing proteins. RacϪ should inhibit all Rac1-dependent signaling pathways, including the interaction between Rac1 and CRIB motif-containing proteins. Because RacϪ did not change the length of protrusions (Fig. 7B) , this suggests that the Rac40-induced increase in protrusion length is more likely caused by an alternative pathway that does not involve CRIB motif-containing proteins. These long protrusions in neurons expressing Rac40 possessed significantly less AMPARs than those of neurons expressing Racw (Fig.  7C,E) . To test how Rac40 affects the function of excitatory synapses, mEPSCs were recorded at 7-11 DIV in neurons expressing GFP, Racw, or Rac40 (Fig. 7F-I ) . In contrast to Racw, Rac40 did not increase the amplitude or the frequency of mEPSCs. In fact, Rac40 significantly decreased the frequency compared with control GFP (n ϭ 8 for all groups; p Ͻ 0.05). Thus, disruption of the interaction between Rac1 and proteins containing the CRIB motif (e.g., PAK) attenuated the effects seen with Racw, indicating that CRIB proteins act downstream of Rac1 to induce the early formation of dendritic spines and the clustering of AMPARs in neurons expressing Racw.
Discussion
The majority of excitatory synaptic transmission occurs at glutamatergic synapses and is mediated via the AMPA-, NMDA-, and kainate-type glutamate receptors (Hollmann and Heinemann, 1994) . NMDA receptors are essential for synaptic plasticity, such as long-term potentiation (LTP) and long-term depression (LTD) of glutamatergic synapses (Bliss and Collingridge, 1993; Malenka, 1994; Katz and Shatz, 1996) . Both LTP and LTD can modulate synaptic strength by regulating AMPAR trafficking (Shi et al., 1999; Brown et al., 2005) . AMPARs ultimately determine synaptic strength of glutamatergic synapses under normal conditions, because NMDA receptors are not activated at a nor- mal resting potential (Mayer et al., 1984; Liao et al., 1995; Isaac et al., 1995; Durand et al., 1996) . Rho GTPases, including Rac1, Cdc42, and RhoA, have been reported widely to modulate the morphology of dendritic spines (Luo, 2000) . However, little is known about the regulatory roles of these small GTPases in the function of excitatory synapses, particularly in the trafficking of AMPARs. Furthermore, the temporal dynamics of Rac1-dependent spinogenesis is primarily unknown.
This study provides direct evidence that Rac1 can induce the clustering of AMPARs in both newly formed spines (Figs. 1, 2, 3 ) and preexisting spines (Fig.  6) . Consistent with these morphological results, the overexpression of wild-type Rac1 and constitutively Rac1 increased the amplitude of mEPSCs, providing functional evidence that Rac1 can increase the amount of AMPARs per synapse. Interestingly, the expression of constitutively active Rac1 induced the strong clustering of AMPARs in the soma and the shaft of proximal dendrites even in the absence of dendritic spines (Figs. 2, 3 ). In fact, many AMPAR clusters colocalized with clusters of wild-type Rac1 on dendritic shafts (Figs. 1,  3 ). These two results indicate that the Rac1-induced clustering of AMPARs does not result simply from the formation of spines.
The cellular mechanism underlying Rac1-induced synaptic recruitment of AMPARs is unknown. Rac1 is known to regulate actin polymerization (Hall, 1998) , and actin is essential for the anchoring of postsynaptic receptors such as NMDA, AMPA, and GABA receptors (Allison et al., 1998) . Therefore, Rac1 is likely to indirectly cause clustering of AMPARs by increasing available anchoring sites in the actin cytoskeleton. Previous studies reveal that small GTPases such as Ras, Rap, and Rab can regulate AMPAR trafficking during LTP and LTD (Zhu et al., 2002; Brown et al., 2005) . It is interesting that another small GTPase, Rac1, might regulate AMPAR trafficking in a different way by possibly altering the anchoring sites of postsynaptic receptors.
This study also provides direct evidence that Rac1 participates in spinogenesis during early neuronal development. Rac1 has been reported to modulate the maintenance of spines, as seen when altered Rac1 activity changes the density and size of dendritic spines (Nakayama et al., 2000) . This previous observation could be attributable to changes in either spinogenesis or the maintenance of spines. As shown in Figure 1 , the expression of Racw Rac40 increased the length of protrusions, whereas Racw decreased the length in neurons 7-11 DIV. C, AMPAR (GluR1 and GluR2/3) staining of a neuron expressing Rac40 at 8 DIV. The arrows denote the lack of AMPARs in the protrusions from the dendrite. D, Number of protrusions and spines [normalized to 100 m length of dendrite (Drt)] of neurons expressing GFP, Racw, and Rac40. E, Percentage of protrusions containing AMPAR clusters. Open bars, Total AMPARs were detected with two antibodies against GluR1 and GluR2/3. Solid bars, Surface AMPARs were detected with an antibody against N-GluR1. F, Average traces of mEPSC recordings of GFP, Racw, and Rac40. G-I, mEPSC amplitude, frequency, rise time, and decay time for neurons expressing GFP, Racw, and Rac40. Error bars represent SE. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. J, A model that incorporates previously reported studies indicates that the cycling of Rac1 between active and inactive states is important for normal spinogenesis (Symons and Settleman, 2000) . Active Rac1 molecules are mobilized to submembrane spaces in the dendrites (step 1), and these molecules might be inactivated after they bind to membrane proteins (step 2). Ephrin B from an axon activates Eph B receptors and Kalirin, which then cluster and activate Rac1 (step 3). Finally, the clustering of activated Rac1 activates downstream effector proteins that have CRIB motifs (e.g., PAK) and leads to the formation of spines and an increase in the anchoring sites for AMPARs (step 4).
alone can induce the formation of dendritic spines in neurons as young as 7 DIV. Our results indicate that Rac1 is a significant piece of the cellular machinery of spinogenesis and that this piece is missing in immature neurons. Consistent with this result, the expression level of endogenous Rac1 is indeed much lower in neurons at 7 DIV than neurons at 21 DIV (Fig. 5) . Synaptic plasticity can modulate both the function and architecture of dendritic spines (Carlisle and Kennedy, 2005) . Nevertheless, the overexpression of wild-type molecules that are known to participate in synaptic plasticity (CaM kinase II, GluR1, GluR2, NR1, and NR2B) cannot induce spinogenesis in neurons at 7 DIV (Shen and Meyer, 1999; Shi et al., 1999; Passafaro et al., 2003; Scott et al., 2004) . As shown in Figure 5 , TTX had no obvious effect on spinogenesis in neurons expressing wild-type Rac1, indicating that synaptic activity is not required for Rac1-induced spinogenesis during early neuronal development. The Rac1-GEF Tiam1 has been reported to couple the NMDA receptor to the activity-dependent development of dendritic arbors and spines (Tolias et al., 2005) . The Rac1/PAK signaling pathway has been proposed to be important for de novo spine formation and spine splitting during synaptic plasticity (Hayashi et al., 2004) . Although synaptic activity is not required in early spinogenesis, it is likely that NMDA receptor-dependent synaptic plasticity might still be able to modulate spinogenesis by acting on Rac1.
Our live imaging experiments have enabled us to determine the temporal processes that occur during Rac1-dependent spinogenesis (Fig. 4) . The activation of Rac1 mobilizes Rac1 to submembrane spaces (Fig. 4 A, H ) . The contact of an axon with a dendrite induces the clustering of Rac1 molecules that are already close to the cell surface (Fig. 4) . The continuous accumulation of Rac1 pushes the axon and the clustered Rac1 molecules away from the dendrites and eventually leads to the formation of dendritic spines. As discussed previously, accumulated Rac1 can induce the clustering of functional AMPARs. Consequently, the newly formed dendritic spines would become mature excitatory synapses by acquiring AMPARs. The temporal steps in spinogenesis are still controversial, and there are two main competing theories (Nimchinsky et al., 2002) . In the first theory, dendrites extend thin, thread-like filopodia, which contact axons and become mushroom-like dendritic spines. In the second theory, dendritic spines are formed directly from the dendritic shaft. Our live imaging data clearly support the second theory (Fig. 4) , although the first possibility cannot be ruled out.
As discussed previously, one critical step in spinogenesis is the clustering of Rac1, which is induced by the contact of an axon with a dendrite. However, the cellular mechanism that underlies this clustering of Rac1 is still unknown. It is well documented that axons express the B subtype of ephrins, which are cell-surface membrane-bound ligands to EphB receptors (Henkemeyer et al., 1996; Klein, 2004; Carlisle and Kennedy, 2005) . EphB receptors are postsynaptic tyrosine kinase-linked receptors (Torres et al., 1998) . Two recent papers have established that the Ephrin B/EphB receptor signaling pathway is essential for the formation of normal dendritic spines. Henkemeyer et al. (2003) demonstrated that in EphB1, EphB2, and EphB3 triple knock-out mice, dendritic spines are absent in cultured hippocampal neurons and are grossly abnormal in vivo. Penzes et al. (2003) showed that treatment of neurons with ephrin-B1 causes the clustering and activation of EphB receptors and Kalirin 7 and increases the density of dendritic spines. Kalirin 7 is a Rac1-specific GEF that is essential for the normal formation of dendritic spines (Penzes et al., 2001 ). Also, the Rac/PAK signaling pathway plays an important role in the normal formation of dendritic spines in both intact animals and in cultured neurons (Hayashi et al., 2004; Zhang et al., 2005) . Together, these previous studies have established that the Ephrin B/EphB receptor/Kalirin 7/Rac1/PAK signaling pathway is essential for the normal formation of dendritic spines (Carlisle and Kennedy, 2005) . Here, we have elucidated three critical steps downstream of this signaling pathway (see our model in Fig. 7J ). (1) Rac1 is clustered in the dendrites and drives the extension of dendritic spines. (2) The clustering of Rac1 induces the clustering of AMPARs, which enables newly formed spines to become functional. (3) A signaling pathway dependent on CRIB motif-containing proteins induces the clustering of AMPARs and the expansion of spine heads, whereas an unknown pathway that is independent of CRIB proteins might modulate the length of dendritic protrusions (Fig. 7J ) .
Glutamate receptors, protein kinases, and PDZ domaincontaining proteins are well known molecules that play critical roles in modulating the morphology and function of glutamatergic synapses (Malinow et al., 2000; Sheng, 2001; Bredt and Nicoll, 2003) . One distinct feature of these molecules is that they often cluster in dendritic spines. As shown in Figures 5 and 6 , Rac1 clusters in dendritic spines, and this clustering is dependent on the activation of Rac1. This distinct feature of Rac1 strongly suggests that Rac1 modulates the morphology and function of preexisting spines. Indeed, the activation of Rac1 increased the size of dendritic spines (Fig. 6C ) and the amplitude of mEPSCs (Fig. 6E) .
This study indicates that the cycling of Rac1 between an active and an inactive state is needed to induce the proper formation of new spines (see model in Fig. 7J ). Rac1 needs to be activated to be mobilized to the plasma membrane and then inactivated to prevent excessive and abnormal extension of lamellipodia. Based on our results, we suggest that the contact of an axon locally activates Rac1 through the EphB/Rac1/PAK pathway during spinogenesis (Figs. 4, 7) , and Rac1 is then inactivated to prevent the excessive expansion of dendritic spines. However, a small proportion of Rac1 might need to be activated again during the maintenance of dendritic spines (Nakayama et al., 2000; Tashiro and Yuste, 2004) . Overall, this study provides a valuable functional analysis of the roles of Rac1 in spinogenesis and the modulation of preexisting spines and has elucidated two critical cellular processes during spinogenesis: Rac1-induced extension of spines and Rac1-induced clustering of AMPARs (see our model in Fig. 7J ).
